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Abstract 

We analyze the bounds on the spectrum of composite Higgs models (CHM) that come 
from flavor observables, by means of simple two-site effective Lagrangians, which incor- 
porate a custodial symmetry and a Left-Right parity and which could also be adopted 
in further phenomenological studies on CHM. 

We derive, in particular, an important constraint on the masses of the (ti, b£) partners, 
which does not depend on the flavor structure of the sector beyond the SM. This bound 
is obtained from the "infrared" contribution to b — > 57 induced by the flavor-conserving 
effective vertex WtubR. We find that the presence of a custodial symmetry can play 
a role in protecting this effective coupling and, as a consequence, in attenuating the 
constraint, which, however, remains of the order of 1 TeV. 

In addition to this bound, we calculate the constraints from the "ultraviolet" contri- 
bution to b — > 57, induced by loops of heavy fermions, and to e /ex- 



1 Introduction 



A possible solution to the hierarchy problem is based on an analogy with the pion mass sta- 
bilization in QCD: the Higgs, similarly to the pion, might be a composite state, generated by 
a new strong dynamics; as such, its mass is not sensitive to radiative corrections above the 
compositeness scale, assumed to be of the order of the TeV scale. A further protection, that 
allows the Higgs to be naturally lighter than the other resonances, exists if the composite 
Higgs is also the pseudo-Goldstone boson of a spontaneously broken global symmetry [I]. 
A pseudo-Goldstone boson Higgs is expected to be light and as such in agreement with the 
indication from the LEP electroweak precision data (EWPD). In this project we will recon- 
sider the bounds on the spectrum of Composite Higgs Models (CHM) that come from flavor 
observables, with a special focus to b — > 37. Instead of considering a full theory we will work 
in an effective description valid at low energy. In particular, we will refer to a "two-site" 
(TS) description [2j[3], where two sectors, the weakly-coupled sector of the elementary fields 
and the composite sector, that comprises the Higgs, are linearly coupled each other through 
mass mixing terms [4]. After diagonalization the elementary/composite basis rotates to the 
mass eigenstate one, made up of SM and heavy states that are admixture of elementary 
and composite modes. Heavier particles have larger degrees of compositeness: heavy SM 
particles, like the top, are more composite while the light ones are almost elementary. In 
order for composite Higgs models to be compatible with LEP precision data, the presence of 
a custodial symmetry in the composite sector is strongly suggested to avoid large corrections 
to the p parameter. The absence of large Flavor-Changing Neutral Currents is achieved, 
instead, by a sort of GIM mechanism, that naturally emerges when the connection between 
the elementary and the strong sector proceeds via linear couplings (§]. In absence of a sym- 
metry protection, the LEP data also point toward a small degree of compositeness of the 
left-handed bottom quark (small corrections to Zb^bi)^ and, by gauge invariance, of the 
left-handed top as well. This implies that, in order to obtain a heavy enough top quark, it 
is necessary to have an almost fully composite right-handed top quark. It has been shown, 
however, that the corrections to Zb^bi can be suppressed if the custodial symmetry of the 
strong sector includes a Left-Right parity |7j. This can allow for a smaller right-handed top 
compositeness. 

In order to study the phenomenology at energies lower than the compositeness scale, we 
derive two different models which incorporate a custodial symmetry and a Left-Right parity. 
We label such models as TS5 and TS10. They describe the low-energy regime of the Minimal 
Composite Higgs Models (MCHM) defined in Ref. [5j|6], in the limit in which only the leading 
terms in an expansion in powers of the Higgs field are retained Q In MCHM the Higgs arises 
as the pseudo-Goldstone boson associated to the SO (5) — > 0(4) breaking in the composite 
sector; where 0(4) includes 50(4) ~ SU{2)l x SU{2)r as well as a parity Plr which ex- 
changes SU{2) L with SU{2) R . Composite fermions can be embedded in a 5 = (2,2) + (1, 1) 
representation of S0(5) in the TS5 model and in a 10 = (2,2) + (1,3) + (3,1) in the 
TS10. TS5 and TS10 extend the two-site description of [2j|3] to consider 5 and 10 SO(5) 
representations for composite fermions. In particular, the TS5 model extends the 'two site' 
model of Ref. (3] to include the composite fermions needed to give mass to the bottom quark. 



see Ref. [9 , for two- and three-site effective theories where the full Higgs non-linearities are included. 
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We find two important bounds on the masses of the heavy fermions which do not de- 
pend on the flavor structure of the sector beyond the SM (BSM). The first comes from the 
measurement of the ZbJjL coupling, that we already mentioned and that can be suppressed 
assuming a Plr symmetry. The second is obtained from the infrared (IR) contribution to 
b — > 57 induced by the flavor conserving effective vertex WtubR. In composite Higgs models 
there are two classes of effects that lead to a shift of the b — > 57 decaying rate compared to 
the SM prediction: loops of heavy fermion resonances from the strong sector give a ultravi- 
olet (UV) local contribution; they generate, at the compositeness scale, the flavor-violating 
dipole operators O7 and 7 , which define the effective Hamiltonian for the b — > 57 decay. 
The virtual exchange of heavy resonances also generates the effective V+A interaction of the 
W boson and the SM quarks, WtnbR, which in turn leads to a shift to b — >• 57 via a loop 
of SM particles. This latter IR contribution is enhanced by a chiral factor mtjvn^ and, since 
in this case the flavor violation comes entirely from the SM V-A current, £l7 m S£, it gives a 
Minimal Flavor Violating (MFV) lower bound on the heavy fermion masses. 
We also discuss the role of a parity P c , which is a subgroup of the custodial SU(2) V , to 
protect the effective coupling WbntR. 

In general, stronger bounds can be obtained from the UV CHM contribution to b — > S7 and 



from e /ex 18 ; however, these latter bounds are model dependent and in principle could be 
loosened by acting on the NP flavor structure (see, for example, [27]). The bound from the 
IR contribution to b — > S7, on the other hand, is robust, since it is a MFV effect. 

The paper is organized as follows: in sec. [2] we introduce our two-site models; in sec. [3] 
we discuss the bound from b — > S7; we first calculate the MFV bounds from the infrared 
contribution in generic CHM, by NDA, and in the specific TS5 and TS10, we then proceed 
to calculate the non-MFV constraints from 6—7-57 an d from e /e^; we draw our conclusions 
in sec. HI 



2 Effective theories for composite Higgs models 

The idea behind Composite Higgs Models is that the Electro Weak Symmetry Breaking 
may be triggered by a new strong dynamics, in analogy with the chiral symmetry breaking 
in QCD. In these theories a new strong sector couples to a weakly coupled sector, which 
coincides with that of the Standard Model without the Higgs. The Higgs, as the pion in 
QCD, is a composite state coming from the latter strong dynamics. Its composite nature 
allows for a solution to the hierarchy problem. Indeed, its mass is not sensitive to radiative 
corrections above the compositeness scale, assumed to be of the order of the TeV. The 
EWSB is transmitted to SM fermions by means of linear couplings [4J (generated by some 
UV physics at the UV scale Aj/y) between elementary fermions ip and composite fermions 

AC = \i\)0 + h.c. (1) 

This way to communicate the EWSB can give a natural explanation of the hierarchies in the 
quark masses (through RG evolution of the composite-elementary couplings Aj) and avoid 
the tension which occurs when trying to generate large enough quark masses and, at the 
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same time, suppressing FCNC processed 

As a consequence of linear couplings a scenario of Partial Compositeness of the SM particles 
emerges. At energies below the compositeness scale a composite operator O can excite from 
the vacuum a tower of composite fermions of increasing mass. Linear couplings ([I]) thus turn 
into mass mixing terms between elementary fermions and towers of composite fermions Xn 

(0\O\ X n) = A n C mlx = A " i^Xn + h.C.) . (2) 

n 

f-*eX £com £mix (3) 

Because of the mass mixing terms the physical eigenstates, made up of SM and (new) heavy 
states, are admixture of elementary and composite modes. 

The low-energy phenomenology of such theories can be exhaustively studied, and calculation 
can be made easier, by considering a truncation of each tower of composite fermions to 
the first resonance, while other heavy states are neglected [2]. For example, the effective 
Lagrangian describing one elementary chiral field ipL and its composite partner x is 

AC = 4> L i@ipL + x(i$ ~ m*)x - A L ^ L Xi? + h.c . (4) 

We can rotate the fermions from the elementary/composite basis to the mass eigenstate one, 
the light (SM) /heavy basis, according to: 

tanp = — ( \Ught) = cos <p L \il) L ) -sin <p l \xl) ^ 
L m* \ \heavy) = sin tp L \4> L ) + cos ip l \xl) 

Our eigenstate fields are thus a heavy fermion of mass m = \J ml + A| and a light fermion, 
to be identified with the SM field, that will acquire a mass after the EWSB. These fields, as 
we see, are superpositions of elementary and composite states. The angle parametrizes 
the degree of compositeness of the physical fields. In particular, the SM fermion has a 
sin (fi = , Al degree of compositeness (and a cos ifiL = 7 "!* 9 degree of elementarity); 

the mass mixing parameter can be naturally much smaller than the mass m* of the 
composite fermiorj^J therefore, SM fermions are in general mostly elementary with a small 
degree of compositeness, while heavy fermions are mostly composite with a small degree of 
elementarity. We have a similar rotation, with angle ipn, in the case of right-handed fermions. 
SM fermions acquire a mass after the EWSB; since the origin of this breaking resides, by 
assumption, in the composite sector (the Higgs is a fully composite state), the SM fermion 
mass arises from the composite part of left-handed and right-handed SM fields: 

v 

rrhj, = — = sin (p L sin (p R , (6) 
V2 

where is a Yukawa coupling among composites, from which the SM Yukawa y — Y* sin cp^ sin <pn 
originates. In the following we will assume that the strong sector is flavor anarchic, so that 



2 Tension that instead affects Technicolor and Extended Technicolor Models. 

3 As a result of RG evolution above the compositeness scale. The smallness of A parameters also allows 
for a sort of GIM mechanism that suppresses large Flavor- Changing Neutral Currents |8j. 
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there is no large hierarchy between elements within each matrix Y* and the hierarchy in 
the masses and mixings of the SM quarks comes entirely from the hierarchy in the elemen- 
tary/composite mixing angles (such 'anarchic scenario' has been extensively studied in the 
framework of 5D warped models, see Refs. [8 
particles have larger degrees of compositeness: heavy SM particles, like the top, have to be 
quite composite while the light ones are almost elementary. 

Experimental data give hints on the type of the new strong dynamics responsible for 
the EWSB. The LEP precision data suggest the presence of a custodial symmetry in the 
composite sector to avoid large corrections to the p parameter. In order to protect p (or 
equivalently the Peskin-Takeuchi T parameter) the composite sector must respect, minimally, 
a global symmetry: 

SU(2) L xSU(2) R xU(l) x , 

where SU{2) L x SU{2) R is broken to the diagonal SU{2) V after the EWSB; the unbroken 
SU(2)y invariance acts as a custodial symmetry so that p = 1 at tree level. 
The SM electroweak group SU(2) L x U(1) Y can be embedded into SU(2) L x SU(2) R x U(l) x , 
so that hyper charge is realized as 7 = T R + X. The Composite Higgs transforms as a 
bidoublet (2,2) under SU(2) L x SU(2) R , H = (H,H C ), where H is the Composite Higgs 
doublet and H c = ia 2 H* is its conjugate. The U VEV breaks the SU(2) L x SU(2) R x U(l) x 
group down to SU{2) V x U(l)x and leads to the EWSB. Therefore, we have the following 
relation among charges: 

Q = Tl + T R + X = T[ + Y . (7) 

This scheme can also results from models where the Higgs arises as the pseudo-Goldstone 
boson associated to a 5*0(5) — > 50(4) ~ SU (2) L x SU(2) R breaking in the composite sector; 
or to a 50(5) 0(4) breaking, where 0(4) includes 50(4) ~ SU{2) L x SU(2) R as well 
as a parity Pl R which exchanges SU{2) L with SU{2) R . This enhanced custodial symmetry 
can suppress the corrections to the coupling Z&l&l, which are strongly constrained by LEP 
data [7]. 

2.1 Plr and Pq symmetries 

In MCHM [5] the Higgs arises as the pseudo-Goldstone boson associated to the 5*0(5) — > 
0(4) breaking in the composite sector; where the enhanced custodial symmetry 0(4) includes 
50(4) ~ SU(2) L x SU(2) R as well as a parity P LR which exchanges SU{2) L with SU(2) R . 
As shown in [7], this Plr parity, as well as the Pc symmetry, subgroup of the custodial 0(4), 
can protect the coupling Zb^bi against large corrections from the composite sector. 
Each composite operator has a definite left and right isospin quantum number, Tl,r, and 
a 3rd component, T| R . We can also univocally assign to each SM field definite quantum 
numbers, Tl,r, T| R , corresponding to those of the composite operator to which it couples. 
Pl R and Pc are symmetries of the composite sector, P LR exchanges SU(2) L with SU{2) R 
and Pc is the subgroup of SU{2) V that transforms \T L ,T R ;Tl,T R ) — > \T L ,T R ; — T|, —T R ) 
(50(3) vectors transform with Pc = diag(l, —1, —1)). For Plr (Pc) to be a symmetry also 
of the interacting terms between SM fields and composite operators, AC = XipO + h.c, the 



,12-15]). From d6J) we can see that heavier SM 
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SM fields ip have to be eigenstates of Plr (Pc)- This implies: 



Tl = T R (T| = T|) (P LR invariance) (8) 

Tf = T| = (Pc invariance) . (9) 
If the above formulas hold, we can see that the coupling Zipip, 

g^ = —^-(Ql-Qsm 2 e w ) , (10) 
cos W 

is protected against large corrections. Indeed, the electric charge Q is conserved and the 
charge of the SU(2)l 3rd component, Q L , is conserved by custodial invariance plus Plr 
symmetry and by Pc symmetry. By custodial U(l)y invariance, SQy = SQ R + 8Q\ = 0; 
if there is also a Plr invariance, SQ R = 5Q 3 L , therefore SQ L = 0. The same conservation, 
5Q\ = 0, is obtained by Pc invariance: the SM W\ has an odd parity under P c , W[ — > —W 3 ; 
if if> is a Pc eigenstate it must have T| = T R = 0, then the current ip^^ip is even under Pc 
and it cannot couple to Wl, which is odd. 



We will show (sec. 3.2.1) that the Pc symmetry can also protect in a similar way the effec- 
tive coupling WtRbR and, as a consequence, it can be responsible for an attenuation of the 
bound on heavy fermion masses, coming from the process b — > 57. 

In what follows we present the two-site models, TS5 and TS10, which incorporate a 
custodial symmetry and a Plr parity]^] 

2.2 TS5 

In the TS5 model, we consider composite fermions filling the following 5*0(4) x U(l)x ~ 
SU{2) L x SU(2) R x U{l) x representations: 



Q 



Q'-i 



/3 



and the composite Higgs in: 



T 


T5/3 


B 


T2/3 _ 




B-1/3 




_ -B-4/3 



B' 



(2,2) 2/3 T=(l,l 
- (2, 2)_ 1 / 3 , 



) 2/3 

5 = (!,!)_! 



(11) 



/3 



£0 



(2,2) 



(12) 



The 50(4) multiplets of composite fermions can be embedded into fundamentals 5 2 /3 (-1/3) 



2,2' 



2/3 (-1/3) 



1,1 



2/3 (-1/3) 



under 



of 50(5) x U(l)x, that decompose as 5 2 /3 (-1/3) 
^C/ (2) i x SU (2)r x [/ (l)x (see Ref. 28 for a study of the same representations in a two-site 
description of 5*0(5)). We are thus introducing two classes of composite fermions, those 
filling a 5 2 /3 representation, with X charge X = 2/3 and those in a 5_i/ 3 , with X = —1/3. 



4 The TS5 model has been already briefly described in [17] , where it was adopted to study the phenomenol- 
ogy of heavy-colored vectors at the LHC. 
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We want to consider, indeed, the possibility that the SM quark doublet (tL,bi) couples 
to two different BSM operators, Q 2 /3 and Q'_i/3, the first responsible for generating the 
top mass, the second for generating the bottom mass, (t^, 6^) is linearly coupled to (T,B) 
through a mass mixing term we call An and to (T", B') through a mass mixing term A^ 2 . 
t R and b R couple respectively to T, through a mass mixing term A R x, and to B, through a 
mass mixing term A R2 . The fermionic Lagrangian reads, in the elementary/composite basis: 



£ = <t L i Ml + fan + d R i R 

+ Tr{Q(i Q-Mq.) Q} +f (i - Mfjf + Y* v Tr {QH}f 
+ Tr{Q'(i@- M Q ,*) Q'} + §(i@- M# J S + Y* D Tr {Q'U} B 
- A Ll q\ (T, 5) - Ajatflf - A L2 g£ (T', B') - A R2 b R B + /i.e. . 



(13) 



where the superscript % runs over the three SM families (i = 1, 2, 3), with q L = {t^bi), 
u 3 = t R , d 3 = b R . By construction, the elementary fields couple to the composite ones only 



through the mass mixing terms, shown in the last row of (13). This implies that the SM 
Yukawa couplings arise only through the coupling of the Higgs to the composite fermions and 
their mixings to the elementary fermions. We further assume that the strong sector is flavor 
anarchic, so that the hierarchy in the masses and mixings of the SM quarks comes from the 
hierarchy in the mixing parameters A L R . In this case the mixing parameters of the light 
elementary quarks can be safely neglected and one can focus on just the third generation of 
composite fermions. n 

As a consequence of the elementary/composite mass mixings, the top and the bottom masses 



arise, after the EWSB, from the Yukawa terms in the Lagrangian (13), Y^Tr {QH} T and 
Y* D Tr {Q'Ti} B. The top mass will be proportional to A L1 A ra and the bottom mass to 
A£ 2 Ar2- The small ratio between the bottom and the top quark masses can be thus obtained 
both for A L2 < A L1 (A R2 ~ A m ) and for A# 2 < A K i (A L2 ~ A Ll ). 

For t R , b R and their excited states the rotation from the elementary/composite basis to the 
mass eigenstate one, the SM/heavy basis, is given by: 

A R1 

tan Lp R = —— s R = sin Lp R c R = cos ip R 
M f* 
A R2 

taiaip bR = — — s bR = sm<p bR c bR = cos ip bR (14) 

M B* 

tR = c R t R — s R T^ m J b R = c bR b R — s bR Bft m 



T R = s R t£ + c R T™ m \ B R = s bR bi + c bR B c jr 

SR(s bR ) defines the degree of compositeness, ^r(^r), of t R (b R ); c R (c bR ) that of f(B), £5. 
We will diagonalize analytically the mixing among q\ and the corresponding excited states 
by requiring the simplifying assumption: A^ 2 A^i, that can naturally follow, for example, 
from the RG flow in the full theory (6l. The first two generations of elementary quarks do 



5 In fact, once produced, heavy fermions of the first two generations will also decay mostly to tops and 
bottoms, since flavor-changing transitions are not suppressed in the strong sector, while the couplings to the 
light SM quarks are extremely small, see the discussion in Ref. [2j. 
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not need a field rotation from the elementary/composite basis to the mass eigenstate basis, 
since they do not mix with the composite fermions and can thus be directly identified with 
the corresponding SM states. 

We can see that in this model tn and bn are both P c and Plr eigenstates, since they couple to 
SU(2) L x SU(2) R singlets (T L (f,B) = T R (f,B), T|(T, B) = T R (f,B) = 0). Instead, t L is 
a Plr eigenstate only in the limit (A^i = 0) in which it decouples from T (T|(T) 7^ T R (T)). 
Similarly, bi is a Plr eigenstate only for A^ 2 = 0, in which case it decouples from B' 
{Tl{B')^Tl{B')). 

So far we have made field rotations to the mass eigenstate basis before the EWSB. After the 
EWSB, the SM top and bottom quarks acquire a mass, and the heavy masses get corrections 

of order (y j^^ j • In the following, we assume x = (^ J^^ j "C 1 and compute all quantities 
at leading order in x. 



2.2.1 A L2 <A 



In this case, since A L 2 <C A L \, 6 L is, approximately, a Plr eigenstate so, approximately, we 
have a custodial symmetry protection to Zbj})L- 

The small ratio between the bottom and the top quark masses is obtained for Al2 *C Ali 
(A R2 ~ A R i); we have: 

m t 



v 

V 

71 



Y*US\Sr 
Y*L)S2 s bR 



(15) 
(16) 



where Si = sin^^,! = . = defines the (tL,b L ) degree of compositeness, £ q L, and s 2 is 

V M Q* + Ll 

a rotation angle proportional to A^ 2 , s 2 ~ -^ LA - 



The physical masses of the heavy fermions read: 



Mf 
M T 



Ml + A| x 



+ A 2 



R2 



M 



M' 



T5/3 



B 

M> 



Mq* + Al, 



(17) 



T2/3 



Mr 



M T ci 



M T , = M B > 



+ A 



L2 



Mn> 



Q'* 



M B _ 1/3 = M B _ 4/3 = M Q , 



where c\ = cos^li is the degree of compositeness, of the SU(2)l doublet D = (T,B). 



Details can be found in App. A.l 



In order for the strong sector to respect the custodial invariance, as we have shown, composite 
fermions have to fill multiplets of SU{2) L X SU{2) R x U(l)x- As a consequence, the heavy 



partner of the SM doublet q% = (t L ,b L ), D = (T, B) 



'1/6 



under the SM electroweak 



group), is embedded in a larger multiplet, the bidoublet Q2/3 = (2,2) 2 / 3 , that includes an 
other doublet of heavy fermions, (T 5 / 3 , T 2 / 3 )(= 2 7 / 6 ). The heavy fermions T 5 / 3 and T 2 / 3 
in this latter doublet are called custodians. They share the same multiplet of the heavy 
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partners of q\ but they do not mix directly with the SM fermions. This implies that their 
masses tend to zero in the limit in which ti becomes fully composite (see for example the 



discussion in [25]). This can be seen from eq. (17): M Tb /^ 2 /2,) is zero for c\ = 0, i.e. for a 
fully composite t L (si — 1). 

2.3 TS10 

In TS10 we consider composite fermions embedded into a 10 2 /3 representation of SO(5) x 
U(l) x , that decomposes as 10 2/3 = (2, 2) 2/3 © (1, 3) 2/3 © (3, l) 2/3 under SU (2) L xSU (2) R x 
U(l)x- Therefore we refer to this field content in the composite sector: 



71 



Q2/3 



5/3 
T 
B 



Q2/3 = 

v-L' 3)2/3 ' 2 2 /3 

H = 



T 


X5/3 


B 


^2/3 




J 5/3 


( 









(2> 2) 2 /3 

(3) 1)2/3 
= (2,2) 



and to the following fermionic Lagrangian in the elementary/composite basis: 



(18) 



£ = & fill + tni faR + b R i fib R 

+ Tr{Q(i@- M Q *) Q] + Tr {q (i - M Qi ) q} + Tr [q! {i $ - M Qi ) Q' 

+ Y*Tr {HQQ'} +Y*Tr {QHQ.} 

- A L1 q 3 L (T, B) - A R1 i R f - A R2 b R B + h.c. . 

We have the following expressions for the top and bottom masses: 



(19) 



V2 



Y*SiS bR 



(20) 



and for the heavy fermion physical masses: 



M 
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+ A| 2 = M f c R /c bR ~ M f c R 



Mp 5/ 3 = M f , 5/3 = M f , = M s , = M f c R 
M T = M B = \J Mq^ + A* L1 
k M T2 / 3 = M T5/ 3 = M T ci 



(21) 



More details can be found in App. A. 2 



Besides the custodians T 5 / 3 and T 2 / 3 , which are light in the case of a composite q L , T 5 / 3 and 
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the fermions in the Q! 2 /z triplet become light for a £r with a large degree of compositeness 
(also B becomes light in this case). 

In this model, both tn and bn are not Plr eigenstates and only tn is a Pc eigenstate, as 
a consequence of the couplings to Q (Tl(T,B) ^ Tr(T,B); in particular, bn is not a Pc 
eigenstate, since T|(5) 7^ 0. b L is exactly a P^^ eigenstate. 



2.4 Z&i&i in the TS Models 



Shifts in the Z coupling to b L , g Lb , have been extensively studied in the literature. See 
for example, the studies 



29 



30 



m two-site 



in the context of Randall-Sundrum models and 
descriptions. The shifts arise after the EWSB because of electroweak mixings among bi and 
heavy fermions. There is also a contribution from the mixing among neutral gauge bosons; 
however this mixing is of the order (^-) 2 <C 1, where M* stands for the heavy neutral boson 
mass, and we will neglect it in what follows. 

In two-site models without Plr symmetry there is no custodial symmetry protection to 
ZbJjL and so the shift on gib is large. Naive Dimensional Analysis (NDA) 10 gives (see, 
for example, 16 26]): 

89 'Lb 



9Lb 



M, 



Q*°R 



This formula has been obtained by approximating q 2 
receives O ( ttt-) corrections: 



0. At q 2 



(22) 



Ml the shift 



Lb 



M 



2 2 
Z b l 



9Lb 



Ml 




(23) 



When compared to (22), there is a suppression 



neglect it in the following. 



(see for example 
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), so we will 



LEP and SLD experiments fix an upper bound of 0.25% for the (positive) shift in the 



gib from its SM value. Therefore, from the eq. (22), we derive the following bound for the 



heavy fermion mass in models without custodial symmetry protection to ZbL^L- 



M Q * > (3.2)— TeV . 



sr 



(24) 



In order to respect this limit without requiring too large heavy fermion masses, that would 
contrast with naturalness arguments, it is necessary to have a quite composite right-handed 
top (i.e., a not small sr). On the contrary, in models with custodial symmetry protection to 
ZbijiL-, there is no such restriction for the degree of compositeness and bounds are weaker 



than the one in (24). Indeed, in the TS5 with A^ 2 *C A^, where we have approximately 



a custodial symmetry protection to ZbL^L (the breaking is proportional to Al2 and is thus 
small), we obtain: 



Sg 



Lb 



9Lb 



V2. 



)\^) 2[Tm - T < 



(b L )} 



1 2 4 

1 m b C bR 

2 M 2 Q , s 2 R 



1 m\ 



2 4 



(25) 
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Figure 1: 1 loop Infrared contribution to Cj in the SM. 



As expected, the shift is proportional to s\ (i.e., it is proportional to A L2 , the size of the 
custodial symmetry breaking) and it is small (notice that is also smaller than the effect at 
non-zero momentum). In the TS10, we obtain, again, a small shift: 



Sg 



Lb 



9Lb 



Y*vY 
s/2 



cUTl(B) - Tl(b L )) + (Tl(B') 



t 3 M) 



m 



'6-R 



m 



(26) 



M 2 r 



Despite is an exact Plr eigenstate in the TS10, there is still a small modification that 
comes from the coupling of 6r, that explicitly breaks Plr- Notice that 5gib = 0, if we have 
SbR = 0. 

3 Bounds from flavor observables 



3.1 Constraint from the process b — > S7 

We define, following [19] , the effective Hamiltonian for b — > 37: 

G p . 



H 



eff 



V2 



v; s v tb 



C 7 (^ b )0 7 + C 7 (i2 b )0 7 



(27) 



where 7 = ^m b ba^F^{l - l5 )s and 0' 7 = ^- 2 m b ba^F^(l + 75 )s. 

In the SM the W boson has a purely V —A interaction to the fermions and so the contribution 
to the b — > S7 process has to proceed through mass insertions in the external legs (see Fig. 
[TJ. The Wilson coefficient C' 7 is thus negligible, because of a suppression by a factor m s /m b 



in respect to the Wilson coefficient C 7 , that, evaluated at the weak scale li w is 19 



^7 M (l^w) 



3x t 3 + hx\ - 7x t ) x 2 t (2-3x t 



12(1-^) 



2(1 -x t y 



ln(x t ) 



(2* 



with x t 

In composite Higgs models there are two classes of effects that lead to a shift of the b — > 57 
decaying rate compared to the Standard Model prediction. The first comes from loops of 
heavy fermion resonances from the strong sector that generate the flavor-violating dipole 
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operators O7, 7 at the compositeness scale. We will refer to this as the UV contribution. 
The second contribution comes from the tree level exchange of heavy resonances, which 
generates an effective V+A interaction of the W^boson and the SM quarks which in turn 
leads to a shift to b — > 57 via a loop of SM particles. This latter IR contribution is enhanced 
by a chiral factor mt/mj,. Since in this case the flavor violation can come entirely from 
the SM V-A current, it gives a quite model-independent lower bound on the heavy fermion 
masses. 

By taking into account the experimental average value for the b — > 57 branching ratio [20] 
and the theoretical calculation |21|, we get, if the new physics contributions to C 7 , C 7 H , and 
to C' 7 , C 7 CH , are considered separately, the bounds (see Appendix [b]) : 



0.098 < Op ff (m, 



< 0.028 



(29) 



\C' 7 CH < 



K)|< 0.37, (30) 

where m* denotes the mass of the heavy fermions in the loop (we take m* = 1 TeV). 

The infrared contribution to b — > 37 from the composite Higgs model is at the weak scale 

fi w instead of m* (we take fiw = Mw)', therefore, we have to account for a scaling factor 





16/21 


a s (m t ) 


_a s (m t )_ 




_a s (/jL w )_ 



16/23 



c 7 



CH, 



0.79C 7 OT (m* 



(31) 



\C' 7 CH * 



We get: 

- 0.077 < CfGM < 0.023 (32) 

f (^)l< 0.29 (33) 

While the infrared contribution to C7 involves a flavor-conserving operator and brings to 
a MFV bound, the infrared contribution to C 7 as well as the ultraviolet contributions to 
C7 and to C 7 involve flavor-violating operators. As a consequence, they will require some 
assumptions on the flavor structure of the NP sector. 

We will now evaluate the bounds on heavy masses that come from the infrared contribution 
to C 7 . We will first present estimates of such bounds in generic composite Higgs models, 
which can be obtained by NDA. Then we will calculate the bounds in the specific two-site 



model TS5 and TS10, introduced in sees 2.2 and 2.3 



3.2 MFV bound from the infrared contribution to Cj 

The infrared contribution to the process b — > 57 is a one loop contribution from the W boson 
accompanied by top quarks, where a mass insertion in the intermediate top quark states is 
allowed by the presence of a (V+A) interaction of the W boson with the top and the bottom 
quarks (Fig. [2]). This interaction originates from a term: 

C D C r Or , (34) 

where Or is the dimension-6 operator: 

Or = H c UD^Hi R Yb R + h.c. . (35) 
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Figure 2: 1 loop Infrared contribution to C7. The red blob denotes the effective coupling WtnbR, 
generated from the composite sector. 



w- 

T t R 

=^=h — * — 

I 4>o I 0o 

Figure 3: The CHM contribution to the effective coupling Wt^bji (At order ( Y * v \ ). 




At low energy, after the EWSB, the interaction in (34) gives: 

£ 3 ^^InjHnW- . 



(36) 



This interaction gives a contribution to the Wilson coefficient C7 in the eq. (27). We find: 

(37) 



2 



where x t = jtt- and fRnixt) is the loop function 

M w 



22 



fRH(Xt) 



2 1(1-^3 



x" t 3 



— — - -x t + 2 + 3x t \og(x t ) 



+ 



1 



f RH = -0.777, for m t = 174 GeV and M w = 80.4 GeV 



x 15 
-y + 6 x t ~ Y Xt + 2 -3x 2 t log(x t ) 



(38) 



We point out that the bound on the CHM contributions to b — > sj, Cf in eq. (32), can be 
directly translated into a bound on the effective vertex Wtjibji, vr = ~ J jf~- By considering 
the bound in (32) and the relation in (37), we obtain: 

- 0.0004 < v R < 0.0013 . (39) 

This bound from b — > 57 can be compared with that from the measurement of the Wtb 
anomalous couplings at colliders. Ref. 23 reports an expected bound of —0.012 < v R < 



12 



0.024, that can be imposed by 14 TeV LHC measurements with 30 fb^ 1 . This latter can be 
obtained from studies on cross sections and top decay observables (angular distributions and 
asymmetries) in the single top production at the LHC. Present searches for anomalous W 



couplings at the 7 TeV LHC [24] fix still mild bounds on v R , -0.34 < v R < 0.39, with 0.70 
fb . We can see that the bound obtained from b — > 37 is much stronger than that from the 
v R measurement at collider. 

The CHM contribution to the effective coupling Wt R b R is given by the exchange of heavy 
fermions that mix electro-weakly with t R and b R (fig. [3]). At the order x 2 , only the SU(2)l 
heavy doublets which are partners of (^l^l) contribute to C R . This latter can be easily 



estimated by NDA 10 



Cr — *r~ ~ mw, ■ (40) 



(40) implies: 



in 



2 £2 



Ct H - m (^) ~ -jAfRHixt)^- ■ (41) 



qL 



Applying the condition in (32) to this infrared contribution, we get the estimated bound: 



M D > Mi^li TeV , (42) 

where the first number and the second number in parenthesis refer respectively to the case 
of a positive and of a negative Cj H ~ IR contribution. Notice that in the case of a positive 



C^ H ~ IR contribution we obtain a stronger bound on Mp, since the constraint in (32) is 
asymmetric. 

We find that a subgroup of the custodial symmetry SU(2) V , the Pc parity, can give a 
suppression to the Wt R b R coupling and, as a consequence, to the CHM infrared contribution 
to b —>■ 57. The estimates we have just reported refer to generic composite Higgs models 
where there is not such Pc protection. 

3.2.1 Protection by Pc parity 

The Pc protection against the generation of the Wt R b R vertex acts similarly to the P^ R and 
Pc protection against large corrections to the Zb^L coupling, which we have discussed in 
sec. 2A_. Pc is a symmetry of the sector BSM, that is respected also by the interactions of t R 
and b R if these latter are Pc eigenstates. Since Pc acts as diag(l, —1, —1) on 5*0(3) vectors, 
the W is not a Pc eigenstate (the composite partners of W 1 and W 2 have not the same Pc 
eigenvalue). In the case in which t R and b R are both Pc eigenstates, both the t R and the 
b R interactions must respect the Pc parity. Then, the Wt R b R vertex, which is Pc violating, 
since the W is not a Pc eigenstate, can arise only by paying for an additional factor, that 
gives a suppression. Whereas, in models where t R and b R are not both Pc eigenstates and, as 
such, their interactions have not to respect the Pc parity, the Wt R b R vertex can be generated 
without suppressions. 

The TS5 falls into the class of models with P c protection, since in the TS5 both t R and b R 
are Pc eigenstates. Considering the TS5, we can evaluate the suppression factor to Wt R b R 
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due to the Pc protection. We can find it in an easy way by promoting An and Al 2 to 
spurions, which enforce a SU(2)l x SU(2)r invariance: 

-A L1 f L {T,B) -qlQ 2/3 A L1 

-A L2 ql(T',B')^ -qlQ'- 1/3 A L2 , 

where A^i = (A L i,0) = (l,2)i/ 6 and A i2 = (0, A i2 ) = (l,2)i/ 6 . We can thus write the (9r 
operator (35) in the SU{2) L x SU{2) R invariant way: 

On = j 2 qlA Ll V,A{ 2 q\^ + h.c. , (43) 

where / has the dimension of a mass, q R = {t R , b R ) = (1, 2)i/ 6 and = H^iD^H. Since Pc 
is a subgroup of the custodial SU(2)v, the £77(2) x £77(2) invariant operator in (43) is also 
a Pc invariant. We can notice that the Pc invariance has brought to an additional factor 
AL1 p L2 compared to ( 35 ) . 

Without P c protection, the D = (T, B) contribution to the Wt R b R effective vertex in the 
TS5 reads 

2 / Y*v \ 2 _ m b m t c\ 

the request for Pc invariance brings to the additional factor Ali ^ L2 . For f 2 = Mq*Mqi*, we 
obtain 

/ Y*v \ c x A Ll ciA L2 _ ( Y*v \ _ m h m t 

\~72Wj SRSbR ^7i^; ~ \72Wj SRSbRSlS2 ~ ~mi ' 

that is a suppression by a factor s\/c\ = i 2 L /i 2 D - 



We can thus return to the estimated bounds on Md from C^ H ~ IR in eq. (42), and 
consider the case in which there is a Pc protection to the t R and b R interactions. In such 
case the Cr contribution becomes: 



VbVt 

which implies 



C R ~^ (withP c ), (44) 



9 
771 

C? H - IR (tiw) ~ j^fM*) (with P C ) (45) 



and an estimated bound: 



M D > 1.0(0.54) TeV (with P c ) . (46) 

We will now calculate the bounds on Mo from C 7 ~ IR in the specific TS5 and TS10 
models. As already discussed, the TS5 belongs to the class of models with Pc protection. 
The TS10, instead, falls in the class of models without Pc protection, because in the TS10 
b R is not a Pc eigenstate. We thus expect that the bound in the TS10 will receive an en- 
hancement factor Ci/si, compared to that in the TS5. 
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In the TS5 we have a contribution to the Or operator in (35) both from the doublet D = 
(T, B) in the X = 2/3 representation and from the doublet D' = (T", B') in the X = —1/3. 
We find: 



^-K'+t)- (47) 



This implies: 



r2 



c?»-'«-™M = -§M*>)(i + ^) ■ (48) 

Notice that the Cr 55 contribution is negative. This implies a positive contribution (j^ H - IR - TS5 



(fun is negative). The condition in (32) is asymmetric and is stronger in the case of a pos- 
itive C^ H ~ IR . Applying this condition to the infrared contribution in (48), we get, for 



r = jj^j = 1, the following bound on the D = (T, B) doublet mass: 

MS S5 > 1.4 TeV . (49) 

This bound becomes M^ S5 > 1.3(1.6) TeV, changing r to r = 0.8(1.2). In the TS10, there 
is only one doublet, D = (T, B), that gives a contribution to Cr. We obtain 

2 

which implies: 

2 2 

r CH-IR-TS10( n \ _ m t f f™, \ C 1 
m D S l 



From the condition in (32) we get finally the bound: 



M£ S1 ° > (0.54)— TeV . (52) 
Notice that, differently from the case of the TS5 contribution, C^ H ~ IR ~ TS10 {^ W ) is negative. 



As such, it is constrained less strongly by the condition in (32). As expected, we have found 



a cx/si enhancement of this bound, compared to (49). 



We now proceed to evaluate the bounds from the C' 7 contribution and then those from the 
UV contributions. As we already pointed out, these are contributions that involve flavor- 
violating operators and require assumptions on the flavor structure of the NP sector. In what 
follows we will consider the case of flavor anarchy of the composite Yukawa matrices. This 
scenario, we remind, assumes that there is no large hierarchy between elements within each 
matrix and the quark mass hierarchy is completely explained by the elementary/composite 
mixing angles. We also set, for simplicity, Y*u = Y* D = Y%. 

3.3 Non-MFV constraints 
3.3.1 Generational mixing 

After the EWSB, the mass eigenstate basis is obtained, as in the SM, using unitary transfor- 
mations: (D L ,D R ) and (Ul,Ur) for down and up-type quark respectively. We will assume 
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^7 ^(Mw) 

MFV 
Bounds 


~ {J ^& «,/ Pc 

ESTIMATED TS5 
M,, > 1 nfO 541 TpV Mn > 1 4 TpV 




~^(&) 2 -/°^ 

ESTIMATED TS10 

JVlD ;C J- Ll(," <J4J/^qL lev 1VI£) ^ U.t)4/Si lev 




ESTIMATED TS5 

M n > n Sfl TpV Mn > 1 1 TpV 


ESTIMATED TS10 
M D > 0.80/£ qL TeV M D > 0.80/si TeV 




~ M D M 6 ^D<;f) 

ESTIMATED TS5 TS10 
y/M D M D > 1.5(0.79)n TeV ^JM D M D > 0.52(0.28)K TeV y/M D M^ > 0.75(0.40)K TeV 


C' 7 CH - uv (m*) 


<Y,v) 2 c C rn 3 
~ M D M 5 S-Dsfi m(j v ( 2 

ESTIMATED TS5 TS10 
^JM D M D > (l.l)y* TeV y/M D M 6 > (0.40)K TeV y/M D M^ > (0.58)K TeV 



Table 1: Estimated bounds from b — > S7 in a generic composite Higgs model and in the specific 
TS5 and TS10 at small elementary/composite mixing angles s\ and SbR- £,tp/ x denotes the degree 
of compositeness of a SM/Heavy fermion. In the specific TS5 and TS10 models: £ q L = si, £d = c\- 
D = (T,B), D denotes a SU(2)l singlet heavy fermion. We highlight (in bold) the MFV bounds 
from Cj H . For the estimated bounds from C^ H and for the bounds from Cj H ~ uv , we indicate 
both the values that can be obtained in the case of a positive (the first number) or a negative (the 
second number in parenthesis) contribution. 
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Figure 4: 1 loop Infrared contribution to C 7 . 

that the left rotation matrix has entries of the same order as those of the Cabibbo-Kobayashi- 
Maskawa matrix: 

(Dl)^ ~ {VcKuh • (53) 
The assumption of anarchical Y* fixes the form of the rotation matrix Dr to be: 

1 



(D 



R)ij 



( Hh. 
\ mj 



L)ij 



for i < j . 



(54) 



Considering the estimates (53) and (54), we can evaluate the generational mixing factors in 



the composite Higgs model contributions to CV (UV) and C 7 . 

For the ultraviolet contribution to C 7 , we consider the presence of a mass insertion that 
can generate the operator buu^ F^sr. This mass insertion brings to a factor th^Dr)^ ~ 



(£>l)23 V ta ' 



where we have first used the estimate in (54) and then that in (53). The 



ultraviolet contribution to C 7 involves the operator bjia^F^SL and we obtain, from the 
mass insertion, a generational mixing factor m^-D^s ~ TrnMis] where the last similitude 



follows from the assumption in (53) 



i'CH-IR 



one 



Evaluating, similarly, the generational mixing factor for the vertex WtRSR in C 7 
finds: (-Dr) 2 3 ~ m,m r \n., ~ J^v t > making use, again, of the estimates (54) and (|53|). The 



m b (D L )23 m b Vu 

flavor violation in C 7 H ~ IR comes entirely from the SM vertex Wt^s^ and it is accounted by 
a factor Vt s . Therefore, we find that the composite Higgs model contribution to the Wilson 
coefficient C 7 is enhanced by a factor 

1 (55) 



compared to the contribution to CV both in the ultraviolet and in the infrared case. 



3.3.2 Infrared contribution to CL 



Taking into account the generational mixing factor in (55), the composite Higgs model 
contribution to the Wilson coefficient C 7 (in Fig. [4]) is given by: 

C 7 M = —^- fRH{xt ) . (56) 

Considering the estimates for Cr in (40) and (44), the condition on C 7 CH ~ IR (fi w ), eq. (33), 
gives thus the estimated bounds: 



M D > 0.80 TeV 



(57) 



17 



in models with Pc symmetry; and 



M D > ^TeV (5S 



Considering the specific TS5 and TS10 models, C 7 CH IR gives the bounds 



in models without Pc symmetry. 

I — I : i „„„1„1,. f _ 

Mj) S5 > 1.1 TeV (59) 

in the TS5; and 

m tsw > ^(o 80 ) TeV (60) 

in the TS10. 

We can discuss how the bound on heavy masses can change in the case of a fully com- 



posite top: in the TS5 the bound on doublet heavy fermion (49) does not depend on the top 
degree of compositeness (this remains almost true considering the full numerical calculation) 
and we obtain quite strong MFV bounds both for composite ti and composite t#. In the 
TS10, because of the Pc protection, we obtain strong bounds in the case of a fully com- 



posite tR (eq. (52)). Ref. [25] finds that corrections to S and T parameters give only weak 
constraints on a composite tft (both in TS5 and in TS10). The IR contribution to b — > sj, 
on the contrary, put a quite strong constraint, especially in the TS10, on this limit case. 
One can finally discuss the validity of our results, which have been obtained 'analytically' 
(i.e. by considering an expansion in x = Ji*^ and retaining only the 0(x) terms). We find 
that the results from the numerical calculation of the bounds, obtained by diagonalizing 
numerically the fermionic mass matrices, do not differ more than 0(1) from those we have 
shown, which are obtained at order x, in the assumption x C 1. This can be also found 
by considering that the exchange of relatively light custodians, that can give a contribution 
^2mCusT > 1 to the effective Wt^R vertex, has to be followed by the exchange of heavier 
composite fermions, that reduces the overall contribution. By definition, indeed, the custo- 
dians do not directly couple to SM fermions, therefore their contribution to Wtnbn is always 
accompanied by the exchange of heavier composite particles. 

3.3.3 Ultraviolet contribution 

In this case the Pc parity does not influence the bounds and we get contributions of the 
same size in the different models. The leading contribution comes from diagrams with heavy 
fermions and would-be Goldstone bosons in the loop^] (Fig. [H]). 

(61) 



The contribution (61) is not aligned with the mass matrix rridij ~ suY^ijSRj, therefore, after 



the EWSB it remains non diagonal in the flavor space. 



6 The contribution from heavy gluon and heavy fermion exchange is suppressed. Indeed this contribution 
is approximately diagonal in the flavor space. 
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Figure 5: 1 loop CHM UV contribution to C' 7 . 



Before going on the specific TS5 and TS10 models, we can obtain estimated bounds from 
the UV contributions in generic composite Higgs models, by means of NDA. We obtain: 



CH-UV 



(1» 2 

M D M 3 



into 



where D denotes a heavy fermion which is a SU(2)l singlet, and 



y 7 



(Y*v) 

m b Vg M D M b 



tot 



D ' 



(62) 



(63) 



where we have taken into account the generational mixing factor in (55). By comparing 



these results with those from the IR contributions in (42 46), we see that the UV contribu- 
tion gives approximately a bound Y*/y t (^£q L , in the case of models without Pc protection) 



times stronger than the one from the IR contribution to Cj. Such UV bounds, however, are 
not as robust as the IR one, since they require, as we already pointed out, assumptions on 
the flavor structure of the BSM sector. In particular, we have estimated them in the scenario 
of flavor anarchy in the strong sector. Notice that in this anarchic scenario much stronger 
bounds on the resonance masses, of the order of 20 TeV [13], come from e& . 



In Ref. [16] the Ultraviolet contribution to b — > 57 in a two-site model without a Plr 
protection to the and interactions is evaluated. In the following we will describe in 
details the contribution in the TS5 and we will report the results for TS10. We can calculate 
the C 7 H ~ uv and C 7 CH ~ UV ultraviolet contributions by considering the model independent 



analysis of Ref. 16 and the generational mixing factor in (55 ). We get the following effective 



Hamiltonian for b — > 57 with loops of heavy fermions and neutral would-be Goldstone bosons: 

i e (2e • p) 



OJ e ff 

neutral Higgs 



8tt 2 



M 2 

w 



-k 



neutral 



V ts b(l - 7 5 )s + 



m 



m b V t 



-6(l + 7 5 )s 



f.s 



(64) 



where 



^neutral 



i=l 

EH 



(i)\2 



+ \a 



(0|2 



1 



Ml 



36 / m' 



(0 



„(*)*„,(*) 



(i) 



M 2 

w 

*(t) 



(65) 
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the index i runs over the four down-type heavy fermions of the model, dw = B, B', -B-1/3, B 
and the ot\ , coefficients are defined by the interactions: 

a?(l + 75) 75) 



£ D d w 

After the EWSB, we find the following coefficients at 0(x): 

Y 2 v 



bH + h.c. 



a 



(B) 



~S b R 



(B) 



1 M B , + c^M^ 



M B , ' M%, -Ml 



Y ± 



2^2 



a 



(B>) 



a 



a 



Y 2 v 



(B') _ (B-1/3) 



a. 



Y 1 

2V2 



s 2 



M B ,M B - sl R M% 



SbR 



c hR M% + 2c bR M B ,M 



M B ,M B (M 2 , - Ml 



the heavy fermion B gives a contribution of 0(s|) to k neu trai and we neglect it. 



(66) 



(67) 



Considering the eq. (65) and the coefficients in (67), neglecting again 0(x 2 ) terms, we 
obtain: 

^neutral ~ ~ m bM w Y^ 



7 s 2 bR 



(68) 



8 \M B ,M B 18 M% 

From this expression of k neutra i we obtain the following TS5 ultraviolet contributions to the 



Wilson coefficient of the effective Hamiltonian in (27) 



C' 7 CH - uv (m*) = 



1 v/2 y2 / 
16 G F * \ 


' CbR 


7 


s 1r 


\ M B i M B 
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M%, 


1 v/2 y2 
16 Gf * 


( CbR 


7 


s 2 
b bR 


\M B /M B 


IS 


M 2 , 



Assuming s bB small, the above formulas become 

1 V2 Y 2 



C C 7 



CH-UV , 



; C' 7 CH - uv {m;, 



1 V2 Y: 



16 Gf M B iM B ' ~ 7 v '"* 7 16 Gp M B ,M B mi,V 2 s 

Finally, the condition on C 7 CH ~ UV in the eq. (30) gives the bound: 



VM B >M B > (0.40) Y, TeV ; 



(69) 



(70) 



(71) 



where, for simplicity, we have set s^r = 0. The condition (29) on C 7 H uv gives a stronger 
bound, 

VM B >M B > (0.52) K TeV 

CH-UV, 



(72) 



if Cj H uv (m*) is a negative contribution. 



There is also a contribution to b — > 37 from diagrams with heavy fermions and charged Higgs 
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in the loop. Following a similar procedure as the one used before (|CJ) we find, neglecting 
0(x 2 ) terms: 

k charged « m * M w Y *Y%M^Mz + + ° (S ^ ) • (73) 
If we can neglect O(sf) and O(s^) terms, k charged gives a weaker bound than the one from 



kneutrai- The full expression of k c h ar ged can be found in App. D, here we have just reported, 
for simplicity, the result for small s\ and SbR angles. 

In Fig. [6] we show the bound on the doublet mass Mt as function of si from the condition 
on C 7 CH ~ UV , for different values of the ratio k = j£ between doublet and singlet masses, 
fixing Y* — 3 (Left Plot), and for different value of Y*, fixing k — 1 (Right Plot). We set 
Mg = Mf and Mt> = Mt- These values are obtained by taking into account the strongest 
values between the neutral Higgs contribution and the charged Higgs one. We set SbR = si- 

3.3.4 Ultraviolet contribution in the TS10 

For the TS10 model, applying the same procedure as for the case of TS5, we get: 

kneutrai = m bMyyY j( 

7M T M T ,s\ - 18M^M] ;V /1 - 4 + M\ (jM B sl - 18M B , ^\ - sf) 
X 288M%M B M% + ° {Sm) ( 74 ) 

,2 v 2 1/1 1 



W = ra h M^ + ^S^T + ^) + 0(«B + 0(40 (75) 

If the left-handed bottom quark has a small degree of compositeness, we can neglect O(sf) 
(while SbR is naturally very small in the TS10, in order to account for the ratio mb/m t <C 1). 
The charged contribution, in this case, gives a stronger bound than the one from k neu i ra \. 

^Mb~Mb > (0.58) Y* TeV , (76) 

from the condition (30) on C 7 CH ~ UV . A stronger bound, 

^Mb~Mb > (0.75) TeV , (77) 



comes from the condition (29) on C 7 ~ uv , if this last contribution has a negative sign. 
In Fig. [7] we show the bound on the doublet mass Mt as function of s\ from the condi- 
tion on C 7 CH ~ UV , for different values of the ratio k = between doublet and T singlet 

mass, fixing Y* = 3 (Left Plot), and for different values, setting k = = 1 (Right 
Plot). The custodian singlet masses have the following relations with Mf. M^ ~ CRMf, 
Mg, = Mf, = CRMf. All these bounds are obtained by taking into account the strongest 
values between the neutral Higgs contribution and the charged Higgs one. 
We can see that in the TS10 model, the UV bounds are particularly strong in the case of 
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k= 1 




0.2 0.4 0.6 0.8 1.0 *' 0.2 0.4 0.6 0.8 1.0 



Figure 6: Bounds from c' 7 CH ~ uv in the TS5. Left Plot: bounds for different values of k = ^ 
and y* = 3; Right Plot: bounds for different values of Y* and k = 1. We set Mg = Mf and 
Mf = M?. Also shown is the exclusion region for s\, obtained from the condition sr = y^™* < 1. 

k= 1 



W r (GeV) 




0.2 0.4 06 0.8 1.0 " 0.2 0.4 0.6 0.8 1.0 *' 

Figure 7: Bounds from c' 7 CH ~ uv in the TS10. Left Plot: bounds for different values of k = 
(Mg ~ CfiMf, Mg, = Mf, = CRMf), fixing Y* = 3; Right Plot: bounds for different values of F*, 
fixing k = 1. We also show the exclusion region for sx, obtained from the condition sr = < 1- 



fully composite tn- This is an effect caused by the exchange of the custodians f', B' and of 
the B, that are light in the limit of a composite t^. In particular, when tn is fully composite 
(sr = 1), M B (~ CftMf) and Mg, = Mf,(— cnMf) vanish. This causes the divergence of 
the bounds for sr — > 1. Such divergences can be seen in the curves in Figure [7], when they 
approach the (grey) exclusion regions for sx (indeed, the minimum value of sx allowed by 
the condition sr = < 1 is obviously obtained in the case sr = 1). 

Tab. [l] summarizes our results. It shows the bounds on heavy fermion masses that can be 
obtained from the process b — > 57. We report the estimated bounds in generic Composite 
Higgs Models (with or without Pc protection), which we have found by means of NDA, 
and the bounds in the specific two-site models TS5 and TS10. £^/ x denotes the degree of 
compositeness of a SM/Heavy fermion. In the specific TS5 and TS10 models: £ q l = sx, 
£d = ex- D = (T,B), D denotes a SU{2)l singlet heavy fermion. For the estimated 
bounds from Cj H and for the bounds from C^ H ~ UV , we indicate both the values that can 
be obtained in the case of a positive (the first number) or a negative (the second number in 
parenthesis) contribution. 



22 



3.4 Constraint from e /ex 

The bound on the mass of the heavy fermions that comes from the direct CP violating 
observable of the K° — » 2tc system, Re(e'/e), can be even stronger, in the assumption of 



anarchic Y"*, than those obtained from b — > 37, as already found in 18 . As we pointed 
out, however, it is a bound that strongly depends on the assumptions made on the flavor 
structure of the new physics sector. 

As for the UV contribution to b — > sj, the custodial symmetry does not influence the bound 
and we obtain contributions of the same size in the different models. In what follows we 
describe the bound in the TS5 and in the TS10. 

New Physics contribution can be parametrized at low energy by chromo-magnetic operators: 
G = sa^T a G^(l- l5 )d , 0' G = 7sa^T a Gl u ^+To)d. (78) 

As for the UV contribution to b — > S7, the leading contribution to e'/e^ comes from diagrams 
with heavy fermions and Higgs in the loop, that generate the O g and 0' G operators (1 loop 
diagrams are the same as for the UV contribution to b — > S7, Fig. [5j with the replacements 
7 —7- g, b —> s and s — > d). 

The related coefficients C G and C' G , in analogy with C7 and C'j of the UV contribution to 
b — > S7, differ by a generational mixing factor that, in the assumption of anarchic Y*, we 
estimate to be ~ m "y2 ■ We consider only the generation mixing (1 — 3) x (2 — 3), via 3rd 
generation. 



In analogy with (]64|), we define: 

(79) 



A ef f—chromo 

i g s (2e • p) G 

neutral Higgs J\/[2 neutral 



V us s{\ - 7 5 )d + md 8(1 + 7 5 )rf 
m. q V u . q 



where 



^«E(i« ( i , i 2 + i4' , i ! )'''.(4) £h 

i=l ^ ' *W 

i=l v 7 *w 



the index i runs over the four down-type heavy fermions of the model, d^, and the a{ 
coefficients are defined by the interactions: 



(80) 



-,0 



, a 2 



af{\ + 75) + af{l - 75)] bH + h.c. . (81) 
After the EWSB, neglecting 0(x 2 ) terms, we find in the TS5: 

Neutral = ^^ M -]^^7 + ' ( 82 ) 

where defines the degree of compositeness of the right-handed strange quark and has 
naturally a small value. In the limit in which = 0, we obtain the same result also in the 
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TS10. 

We can thus calculate the C G and C'g contributions: 



n ^ ^neutral j r nl m d p I or>\ 



167T 2 M^m s ' ' ' m s V£ s 



Defining 



we obtain 



x Re(e /e) C H - Re(e /e) SM faA . 

5 *' = rWMZ (84) 



|^| ~ (58 TeV) 2 B G \C G -C' G \ < 1 , (85) 

where Re(e /e)sM has been estimated as in Ref. 18 ; Bq denotes the hadronic bag-parameter, 
(2ir I=0 \y s O G \K }. We take B G = and we take into account separately the contribution 
from C G and C'g- 

In the limit s s r = we obtain from (1851): 



VM B 'M § > (1.3)K TeV , (86) 

which is in agreement with the result in [18 j. The contribution from the charged Higgs 
interactions gives weaker bounds than those from the neutral Higgs contribution. 



4 Conclusions 

Composite Higgs Models are among the compelling scenarios for physics beyond the Stan- 
dard Model that can give an explanation of the origin of the EWSB and that are going to 
be tested at the LHC. 

In this project we have have built simple "two-site" models, the TS5 and the TS10, which 
can represent the low energy regime of Minimal Composite Higgs Models with a custodial 
symmetry and a Plr parity 

Working in these effective descriptions, we have reconsidered the bounds on the CHM spec- 
trum implied by flavor observables. We have found in particular that the IR contribution to 
b — > 57 induced by the flavor conserving effective vertex Wt^bn implies a robust Minimal 
Flavor Violating bound on the mass (m*) of the new heavy fermions (to be more specific, 
on the heavy doublets, partners of = (ti, 6l)). The relevance of shifts to Wt^R has been 



already pointed out in the literature (see, for example, 31,32]), even though its importance 
in setting a bound on heavy fermion masses was unestimated in previous studies. We have 
also shown how this bound can be stronger in the case of the absence of a symmetry (P G ) 
protection to the effective Wt^R vertex. In particular, we have found an estimated bound 

m* > 1.0 TeV , 

in models with P G protection to the Wt^bR vertex (where both and 6r are P G eigenstates) 
and a bound 

> 1.0/&L TeV , 



7 That corresponds to the estimate of the hadronic matrix element (2iri=o\y s OG\K } in the chiral quark 
model and to the first order in the chiral expansion. 
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where £ q L denotes the degree of compositeness of (tL,bi), in models without Pq protection. 
£ q L is naturally a small number, the bound could be thus very strong in these types of models. 
In the specific "two-site" models, the bounds we have found are 

m TS5 > L4 Te y 

in the TS5, and 

m rsio > ^4 ^ 

in the TS10. 

Table [T] summarizes the results obtained for the bounds from b — > 57. 

In addition to these bounds, we have calculated the constraints from the UV composite 
Higgs model contribution to b — > 37. Figs. [6] and [7] show the bounds in the TS5 and the 
TS10 as functions of the ti degree of compositeness. Our results have shown that these 
bounds can be stronger than those from the IR contribution but they are model dependent; 
in particular they strongly depend on the assumptions made on the flavor structure of the 
composite sector. We have obtained an estimated limit 

m* > (0.52)1; TeV 

in a specific NP flavor scenario (Y* anarchic in the flavor space). 
Even stronger bounds, 

m* > (1.3)1; TeV , 

can be obtained from e'/e# but, again, they are model dependent and in principle could be 
loosened by acting on the NP flavor structure (as done, for example, in Ref. (27])- The lower 
IR bounds on m* we have found from b — > sj, on the contrary, are robust MFV bounds that 
cannot be evaded by assuming particular conditions on the structure of the strong sector. 



Acknowledgments 

I would like to thank Roberto Contino for having followed this work from the beginning and 
for comments on the manuscript. 



Appendix 

A Two Site Models 



A.l TS5 

Fermions rotate from the elementary/composite basis to the 'physical' light (SM) /heavy basis 
as (we neglect O (A| 2 ) terms): 
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tany?Li 



M. 



Q* 



Si 



s 1 = sin^i ci = cos^ii 



«2 



S3 



^L2 



Q'* 



COS </? L i 



*l = Citf - Sl Tl om - s 2 T£ om 



+ s z T'l om 



T' L = ( S2 ci - sis 3 ) - (sis 2 + cis 3 ) T£ om + T£ 



/com 



B L 



SiK 



„ pcoin 



+ s 3 B 



/corn 



B' L = (s 2Cl - Sl s 3 ) bf - ( Cl s 3 + Sl s 2 ) B c r + B'l om 



A 



s 4 



LI 



^L2 



A 2 



T, 



T'com 



1 „ r-p/com 

+ s 4 l R 



rpfcom „ 



B 



_ id com 

R- b r 



+ s A B' com 



B> 



R 



B'r" 1 - SaB r 



R 

com 



tan(f R 



tan (p bR 



^Rl 



s R = sin (f R c R = cos ip R 



IR2 



Mi 



s bR = sin (f bR c bR = cos (f bR 



tR — c R~tR — s rTj 

Tr = s R ti + c R f R 



com 
R 
com 



bR = c b Rb R — s bR B R 
Br = s bR b e ^ + c bR B 



com 
R 



Physical heavy fermion masses are related to the bare ones according to: 



Mf 
M B 
M T 



M% + A 2 m = ^ 

T* K1 c R 



Ml + A| 2 



M f 



M 



B 



Juf2 1 A 2 _ 
1V1 Q* ^ ^Ll — 



M Q , 



M- 



T5/3 



T2/3 



Mr 



^ M T , = M B , = ^M 2 Qljf + A 2 L2 ~ M Q , 



M 



B-1/3 



M. 



B-4/3 



In the elementary/composite basis the Yukawa Lagrangian reads: 
C YUK = Y*uTr [QH] f + Y* D Tr {QU} B + /i.e. 
= Y*u {T4f + f 2/3 o T + f 5/3 + T - 

{&_ 1/3 4B + 5'0o# + - B-4 /3 </>-b} + h. 
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After field rotation to the mass eigenstate basis, before EWSB, £ YUK reads as in eq. (96). 

After the EWSB top and bottom masses arise as: 

v 

m t = -j=Y* u s 1 s R (92) 

v 

m b = -j=Y* D s 2 s bR . (93) 

We have also electroweak mixings among fermions. The fermionic mass matrices for up 
and down states read, in the basis (ti Tl T 2 / 3 l Tl T'lJ (tR Tr T 2 /3r Tr T' R ^j for the up 

sector and in the basis (l>L B l B' l B-\/ 3 l Bj/j (^)r Br B' r B_y 3R Br^ for the down-type 
fermions: 



/ 


m t 


-Y*u^s\Cr 











\ 







Mf 






-s A Y*u^ 










M T2 /3 












-Y*U^C!Sr 


Yu^^Cr 





M T 







V 


Y *U^ (SlS 2 + C]S 3 ) Sr 










M T , 


J 



(94) 



M 

down 

( 







-Y* D 



SbR 



Y* D ^s 2 c bR 



'V2 
Y*D^C bR 



Y+D^SbR Y^D^ChR 



V2 l 



V ~ Y *D-^s 3 s bR Y* D ^s 3 c bR 



Y* D 



V2 

M B , 





V2 



M, 



B-l/3 







\ 


Y *D^S 4 














M B 


J 



(95) 
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C YUK =Y* uCl c R (f L (plf R - B L( p~f R ^ + Y* uCR (f 2/3 L0oT fi + T 5 /3L0 + T R ) 

- Y*u (sis 2 + cis 3 ) c R (T' L (plf R - B' L (frf R ^ - Y*uSiC R (t L (poT R - b L (p'f R ^ 

- Y^sr (f 2/3L (f) t R + f 5/3L (j) + t R ) + Y mU (sis 2 + cis 3 ) Si? (T' L <j>lt R - B' L (t>~t R ^ 

- Y*uCis R (f L 4>lt R - B L (trtB^ + F*[7Sis R (t L (f>lt R - b L (f>~t R ^ 

+ (Tr^Tl ~ B R( j>-f L ^ + (T 2/3R 0oT L + f^+f^ 

- n^s 4 {f' R 4f L - B> R <t>-f L } 

+ Y* D c bR (&- 1/3L (/iB R - B_ 4/3L( f)-B R ^ + Y MR (B'l^Br + f'^B^j 

- Y* D Sb R (-B-1/3L0o6r — B-4/3L<P~b R ) - Y* D s bR (B' L <j) b R + T> L <j) + b R ) 

- Y* D s 2 c bR (b L (j)QB R + i L <f> + B R ^ + Y* D s 2 s bR (b L (j)ob R + i L (p + b R ) 

- Y* D s 3 s bR (B L( p b R + T L + ^) + Y* D s 3 c bR (B L <j> Q B R + T L <f> + B R } 

+ y; D (b'r^Bl + T' R + 5 L ) + (b_ 1/3R <i>Ib l - b^^-b^ 
+ y; D s 4 (br^Bl + f R( j) + B L ^ + /i.e. 

(96) 

A.2 TS10 

Fermions rotate from the elementary/composite basis to the 'physical' light (SM) /heavy basis 
as: 



A L i si 
tan<^ L i = — — = — 

t L = Cl tf - siTl om ( b L = Cl bf - Sl Bf m 
T L = Sl tf + ciTf; om \ B L = Sl bf + dBf™ 



(97) 



tan v?i? = — — sr = sin </?r c/j = cos (p R 
M Q* 
A m 

tan v?6R = j^— s bR = sin <p 6fl c feR = cos <p bfl (98) 
Q* 

^ = c^-s fl T- m / 6 R = c bR bi - s bR B R om 



T R = s R 4 + c R T c R om \ B R = s bR bi + c bR B R om 
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Physical heavy fermion masses are related to the bare ones as: 



Mj 
M 



B 



Ml +A 2 



R2 



M Q* 

CR 
M Q* 

CbR 



T5/3 

M T = M B 



M f , 



M, 



Q* 



(99) 



Mq* 



M' 



T2/3 



Mr 



T5/3 



In the elementary/composite basis the Yukawa Lagrangian reads: 

c yuk = + Y*Tr \HQQ'} + Y,Tr { Q^q} (100) 
After field rotation to the mass eigenstate basis, before EWSB, £ YUK reads as in eq. 



(105) 



After EWSB top and bottom masses arise as: 



m t = -Y*sis R 
v 

m b = -j=Y*sis bR 



(101) 
(102) 



The fermionic mass matrices for up and down states read, in the basis (t^ Ti T 2 /sl Tl T' l 

(t R f R T 2 / 3R T R f R J for the up sector and in the basis (b L B L B' L B L J (b R B R B' R B R 
for the down-type fermions: 
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T510 
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-y V 

1 * 2 










-si 
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Mf 
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sr 


-c R 


M T2/3 

-y v 

J* 2 





-1 






-ClS R 
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/ 



(103) 



V2 






~ClS bR 



SlC bR 

M 5 



Y t 



\ ~2 





C\C bR 



-si 


y v 
** V2 

Cl 




1 
1 

M B 



(104) 



s ~2 
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C YUK = Y*c lCR -^= (f L 4f R - B L <p-f R ") - Y*c R -^= (f 2/3L <f>of R + T 5 /3L0 + ^) 

- Y*s x c R -j= (t L 4>lf R - b L (jrfRj + F*siSfl— (t L 4>lt R - l L (jrt R 



+ Y * SR ~^ ( T 2/3L0O^i? + T 5/3L (f) + t R ) - Y*CiSr-j= (T L (j)lt R - B L (j) t R 



+ Y ,1 (T^ITl - B R <j>-f L ) - K,^ (r 2/3R o T L + T 5/3R <P + f L 

+ K (^5/3L<A^5/3 R - f 2/3L (j)~f 5 / 3R ^ + [T 5/3R (f)lf 5 / 3L - f 2/3R (f)~f 5 / 3L 

- Y*s x c bR (b L (f) B R + i L (t> + B R ^ + F*SiS feR {b L <Pob R + i L (fi + b R ) 

- Y^Sbn (B L (f) b R + T L (j) + b R ) + Y*dc bR (^B L (f) B R + T L (j) + B R 
+ Y. (Si^oSz + T fl 0+5 L ) + F* (S^J^ + Kf 2/3R + J Bi) 
K,-^ (t r 0^l + B R rf' L ) -Y.±= (t 2/3/? o T^ - Tr 0/3R ^f L 

+ nd-L (r»t^ + - y * (t 2/3L <^ - f 5/3L + n 

- F * Sl ^7f (^l4>It' r + b L (f>-f' R ^ + y ^f 5/3i? o r5 /3L - T R 4>~fs /3L ^ 
+ yci (b l 4>Ib' r - f L 4>-f^ /3R j - ysi (i l 4>Ib' r - t L 4>~f^ /3R ^ 

+ Y*f 2 / 3 L<P + B' R + Y„f 5 / 3 L(j) f^ 3R + h.c. 

B BOUND derivation 



(105) 



The SM prediction and the experimental measurement 20 of the b — > 57 branching ratio 
are respectively: 

BR th = (315±23)10~ 6 (106) 
5i? ex = (355 ± 24 ± 9) 10~ 6 (107) 

The b — > 57 decay rate is: 

r toi oc |c 7 (/x b )| 2 + |c;(^)| 2 ^ icf^c^) + c^( Aif ,)| 2 + ic^C/x,)! 2 (ios) 

If we consider only the Cj contribution, we obtain: 

" 1 + 2 \cFm> + 0(AC7) (109) 

For fib = 5 GeV, fiw — Mw, «s = 0.118, the SM contribution to CV at the scale \ib reads |l9] : 

C$ M (n b ) = 0m5C$ M (n w ) + 0MQC^ M (fi W ) - 0.158C 2 5M (/ivf) = -0.300 . (110) 
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The scaling factor of the NP contribution to CV from the scale fiw to the scale fib is: 

is 



Cr = 0.695 C^(iu w ) . 



(Ill) 



By considering all the previous equations, we obtain at 95% C.L.: 

-0.0775 < Cf P (/!„,) < 0.0226 . 
The scaling factor of the NP contribution to C7 from the scale m* = 1 TeV to the scale fiw 



is: 



C7 (^w) - 
and we obtain at 95% C.L.: 



lb 

a s {m t ) J \a,s{nw) 



0.79 Cf p (m,) 



0.0978 < p (m*) < 0.0284 



If we consider only the C' 7 contribution, we obtain: 

IC P (^)I 2 
r S M " |cf M (/i 6 )| 2 ' 

We have 



C 7 ^ m* ~ 0.55 C 7 iV ^(m* 



By considering ( [106] ) , ( fl07| ), gig , pT3| , ( gig ), we obtain at 95% C.L.: 

\C' 7 NP (fu w )\ < 0.294 
|C^ p (m».)| < 0.372 



(112) 



(113) 



;il4) 



C Charged Higgs ultraviolet contribution to b — > 57 in 
the TS5 

i e (2e • p) 



where 



''-charged Higgs g 7] _2 j^2 



-A; 



charged 



m. 



Vk&(l- 75 )s + — ^6(l+ 75 )s 
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E U«1T + 



W|2 1 1^,(012 



«2 I m fe 
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2\ M 2 , 



9 / m 2 ,.N 
*(i) 



EH 



a, ' m 



*(0 



5\ M 2 



6 7 m' 



(0 



(116) 
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the index i runs over the four up-type heavy fermions of the model, u 



CO 



m 



On 



physical mass of the the heavy fermion and the 
interactions: 



*(i) 



denotes the 



coefficients derive from the 



a 



(<), 



l + 75) + «? } ( 



7s) 



bH + + h.c. . 
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After the EWSB, we diagonalize the up-type quarks mass matrix of (94) and the down- 

( y 



type one (95|) perturbatively in x 
cients: 



, neglecting 0(x 2 ). We find the following coeffi- 



(f) 2 
a\ = vY^ SiS 2 SbR 



M|M| + M|,M| - M| + c R M^M 2 , Cl 
AM T M f {M 2 - M%){-M 2 , + M?)ci 
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(T) 



„( T ) 



2^ 

2-v/2ci(M|, - M|) 



uY"* 2 Si / c R Mf + CxC 2 R M T 



a 



M 2 - M~ 

T T 
SbFtY* 



ci4 



2^2 



„( T ') 



Y 2 vs 2 s\c R M B M f M T M 2 , + slc lC 2 R M B M 2 M 2 , + c x {M 2 , - M?) (M|,c bfl + M 2 {s 2 s 2 R M B - c hR M T ,j) 



ciMgM T '{M 2 , - M 2 )(M 2 , - A/?) 



(118) 



the heavy fermion T 2 / 3 g ives a contribution of 0(x 2 ) to k c h arge d and we can neglect it. 
Considering the eq.(116) and the coefficients in (118), neglecting again 0(x 2 ) terms, we 
obtain: 

^charged 



2 v 2 



-m b M w Y t 



-15M 2 M T ,Mly/l - s 2 R + M B {15M 2 ,M^s 2 s 2 R + M 2 {l\M 2 , S 2 {-\ + s 2 R ) + M?(4s^ + 15524))) 

U4M B M 2 M 2 ,Ml 



and: 



^charged ~ T^b^W^* 



1 



48 M B iMt 



+ 0(sl)+0(sl R ) 



if we can neglect 0(s\) 



(119) 



D Ultraviolet contribution 

Summing up, we find in the TS5: 

h 

^neutral 



-m b M 2 Y 2 ' 



CbR 



7 s 2 bR 



8 \M B ,M B 18 M B , 



-rribM^Y 2 



8 M B ,M B 



+ 0(s 2 bR ) 
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charged 



15M 2 M T ,Ml y/1 - s 2 m + M s (15M 2 ,Mp 2 s 2 R + M|(11M|,«?(-1 + s|) + M?(4s^ + 15s?4))) 



-muM 2 Y 2 -— ^LLZ^ZTZI 

6 w * 144M A M2M2,M? 



= m ' M - y - 2 |M B W +0(S ' ) + ° (S ' R) 



and in the TS10: 



7M T M* a? - 18M^M], v^^f + Ml(7M B sj - 18M §! ^l^j) 

Neutral ~ m b M w Y^ _______ + ( Sw? ) 



Kharged = m b M^ + + | ^ + <>(-?) + <>(<__ 



(120) 



References 



[1] D. B. Kaplan and H. Georgi, Phys. Lett. B 136, 183 (1984). 

[2] R. Contino, T. Kramer, M. Son and R. Sundrum, JHEP 0705 (2007) 074, arxiv:hep- 
ph/0612180. 

[3] R. Contino and G. Servant, JHEP 0806 (2008) 026, arxiv:0801.1679 [hep-ph]. 
[4] D. B. Kaplan, Nucl. Phys. B 365, 259 (1991). 

[5] K. Agashe, R. Contino and A. Pomarol, Nucl. Phys. B 719 (2005) 165-187, arxiv:hep- 
ph/0412089. 

[6] R. Contino, L. Da Rold and A. Pomarol, Phys. Rev. D 75, 055014 (2007), arXiv:hep- 
ph/0612048. 

[7] K. Agashe, R. Contino, L. Da Rold and A. Pomarol, Phys. Lett. B 641 (2006) 62, 
arxiv:hep-ph/0605341. 

[8] K. Agashe, G. Perez, A. Soni, Phys. Rev. Lett. 93 (2004) 201804. [hep-ph/0406101]; 
Phys. Rev. D 71, 016002 (2005) [arXiv:hep-ph/0408134]. 

[9] G. Panico, A. Wulzer, JHEP 1109 (2011) 135, arXiv:1106.2719 [hep-ph]. 

[10] A. Manohar and H. Georgi, Nucl. Phys. B 234, 189 (1984); H. Georgi and L. Randall, 
Nucl. Phys. B 276, 241 (1986). 



33 



[11] K. Agashe and R. Contino, Phys. Rev. D 80, 075016 (2009), arXiv:0906.1542 [hep-ph]. 

[12] S. J. Huber, Nucl. Phys. B 666, 269 (2003), arXiv:hep-ph/0303183. 

[13] C. Csaki, A. Falkowski and A. Weiler, JHEP 0809, 008 (2008), arXiv:0804.1954 [hep- 
ph]. 

[14] S. Casagrande, F. Goertz, U. Haisch, M. Neubert and T. Pfoh, JHEP 0810, 094 (2008), 
arXiv:0807.4937 [hep-ph]. 

[15] M. E. Albrecht, M. Blanke, A. J. Buras, B. Duling and K. Gemmler, JHEP 0909 (2009) 
064, arXiv:0903.2415 [hep-ph]. 

[16] K. Agashe, A. Azatov and L. Zhu, Phys. Rev. D 79, 056006 (2009), arXiv:0810.1016 
[hep-ph]. 

[17] C. Bini, R. Contino, N. Vignaroli, JHEP 1201 (2012) 157, arxiv: 11 10.6058 [hep-ph]; 

[18] O. Gedalia, G. Isidori and G. Perez, Phys. Lett. B 682, 200-206 (2009), arxiv:hep- 
ph/0905.3264. 

[19] A. J. Buras, published in "Probing the Standard Model of Particle Interactions" (Les 
Houches lectures of 1997), arxiv:hep-ph/9806471. 

[20] Heavy Flavor Averaging Group, 

http:/ /www. slac.stanford.edu/xorg/hfag/rare/winterlO/radll/btosg.pdf. 

[21] T. Huber, J. Phys. Conf. Ser. 110, 052024 (2008) [arXiv:0712.3158 [hep-ph]]. 

[22] K. Fujikawa and A. Yamada, Tokyo preprint UT-656, September 1993. 

[23] J. A. Aguilar Saavedra, Nucl. Phys. B 804 (2008) 160-192, hep-ph/0803.3810. 

[24] The ATLAS Collaboration, Conference Note ATLAS-CONF-2011-122. 

[25] A. Pomarol and J. Serra, Phys. Rev. D 78, 074026 (2008), arXiv:0806.3247. 

[26] G. F. Giudice, C. Grojean, A. Pomarol and R. Rattazzi, JHEP 0706, 045 (2007), 
arXiv:hep-ph/0703164. 

[27] M. Redi, A. Weiler, JHEP 1111 (2011) 108, arXiv: 1106.6357 [hep-ph]. 

[28] S. De Curtis, M. Redi and A. Tesi, JHEP 1204 (2012) 042, arXiv:1110.1613 [hep-ph]. 

[29] M. S. Carena, E. Ponton, J. Santiago, C. E. M. Wagner, Phys. Rev. D 76 (2007) 
035006, hep-ph/0701055; A. Djouadi, G. Moreau, F. Richard, Nucl. Phys. B 773 (2007) 
43-64, hep-ph/0610173; C. Bouchart, G. Moreau, Nucl. Phys. B 810 (2009) 66-96, 
arXiv:0807.4461 [hep-ph]. 

[30] L. Da Rold, JHEP 1102 (2011) 034, arXiv:1009.2392 [hep-ph]; E. Alvarez, L. Da Rold, 
A. Szynkman, JHEP 1105 (2011) 070, arXiv:1011.6557 [hep-ph]. 

34 



[31] B. Grzadkowski, M. Misiak, Phys. Rev. D 78 (2008) 077501, arxiv:0802.1413 [hep-ph]. 

[32] J. Drobnak, S. Fajfer, J. F. Kamenik, Nucl. Phys. B 855 (2012) 82-99, arxiv: 1109.2357 
[hep-ph]. 



35 



